Space-based observations of ocean surface winds have been available for more than 25 years. To combine the observations from multiple sensors into one record with the accuracy required for climate studies requires a consistent methodology and calibration standard for the various instruments. This study describes a new geophysical model function (GMF) specifically developed for preparing the QuikSCAT winds to serve as a backbone of an ocean vector wind climate data record. This paper describes the methodology used and presents the quality of the reprocessed winds. The new Ku-2011 model function was developed using WindSat winds as a calibration truth. An extensive validation of the Ku-2011 winds was performed that focused on 1) proving the consistency of satellite winds from different sensors at all wind speed regimes; 2) exploring and understanding possible sources of bias in the QuikSCAT retrievals; 3) validating QuikSCAT wind speeds versus in situ observations, and comparing observed wind directions versus those from numerical models; 4) comparing satellite observations of high wind speeds with measurements obtained from aircraft flying into storms; 5) analyzing case studies of satellite-based observations of winds in tropical storms; and 6) illustrating how rain impacts QuikSCAT wind speed retrievals. The results show that the reprocessed QuikSCAT data are greatly improved in both speed and direction at high winds. Finally, there is a discussion on how these QuikSCAT results fit into a long-term effort toward creating a climate data record of ocean vector winds.
Introduction
Satellite ocean winds are a valuable resource for weather forecasting and climate research, as winds at the ocean surface are the main drivers of atmospheric and oceanic processes that determine regional weather patterns as well as long-term climate change. To date, studies using satellite winds have brought about increased understanding in air-sea interaction, heat and energy fluxes, hurricane formation and intensity, ocean wind power potential, and impact of wind variability on the global climate and water cycle (Atlas et al. 2001; Bourassa et al. 2010; Chelton et al. 2001; Chelton and Xie 2010; Katsaros et al. 2002; Kosaka 2014; Liu et al. 2008; Isaksen and Stoffelen 2000; Wentz et al. 2007; Wentz and Ricciardulli 2011; Xie 2004; Yueh et al. 2003) .
Scatterometers (such as QuikSCAT) are particularly suited for climate studies, as they are inherently stable sensors in that they measure a ratio (backscattered radiation vs transmitted radiation) as compared to measuring an absolute quantity, and they are usually unaffected by satellite drifts or issues that affect the temporal stability of a time series.
The first space-based observations of ocean winds at a global scale were achieved in 1978 with the Seasat scatterometer and radiometer (Wentz et al. 1982) . Despite the failing of the mission after only 3 months, Seasat provided the basis for successful continuous monitoring of ocean wind speeds from space by SSM/I radiometers (Wentz et al. 1986 ) starting in 1987 (Fig. 1) , and wind vectors by scatterometers starting with the ERS-1 in 1991 (Stoffelen and Anderson 1995) . Satellite scatterometers determine ocean surface winds by measuring the backscatter from the ocean surface at microwave frequencies typically in the C band (;5 GHz) and Ku band (; 13 GHz) . New scatterometers at L band (;1 GHz) like Aquarius and the recently launched SMAP (Entekhabi et al. 2010; Yueh and Chaubell 2012) are a promising addition to the ocean vector wind missions. A list of past, current, and future C-, Ku-, and L-band scatterometer missions is presented in Fig. 1 .
The longest mission so far has been the NASA Ku-band QuikSCAT (Lungu and Callahan 2006) , which provided 10 continuous years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) of ocean vector wind observations. Also in Fig. 1 are the satellite radiometer missions for wind speed.
In addition to scatterometers, a new type of radiometer, WindSat, was launched in 2003 that is capable of measuring ocean wind vectors (Gaiser et al. 2004) . By using multiple polarimetric channels (10-37 GHz, plus a linearly polarized channel at 6.8 GHz), WindSat has been very successful in measuring wind direction in addition to wind speed. The scatterometers and WindSat instruments will soon provide 25 years of continuous observations that can be combined into a climate data record (CDR) of the ocean surface vector winds (OVW), if the data are consistently processed and intercalibrated.
With this goal in mind, we performed in 2011 a major reprocessing of the wind vectors from the scatterometer QuikSCAT, which we consider the backbone of the vector wind CDR. We developed a new model function for reprocessing QuikSCAT, aimed at improving the wind retrievals. Using WindSat as a calibration target, we are able to bring the scatterometer winds into alignment with radiometer wind speeds. The decade-long and still operating WindSat instrument also provides a valuable opportunity to tie together scatterometer winds from different missions [QuikSCAT, Advanced Scatterometer (ASCAT), Oceansat-2 Scatterometer (OSCAT), and the NASA scatterometer (RapidScat)]. We are also developing geophysical model functions (GMFs) for C band (ASCAT and ERS) and L band (Aquarius and SMAP), using calibration targets and methodologies similar to the ones described in this paper, and extending the Ku-band GMF to a wide variety of incidence angles [for NASA Scatterometer (NSCAT), OSCAT, and RapidScat] . These other GMFs will be used to reprocess 25 years of scatterometer data in a consistent way, starting with ERS-1 in 1991.
Here we describe in detail the methodology developed for QuikSCAT processing, as it is historically the most stable and long-operating scatterometer to date. The other GMFs and the activities we perform toward development of a vector wind CDR will be the focus of future papers.
Scatterometer wind vector retrieval algorithms are based on three main components (Martin 2014) : the GMF, the wind direction ambiguity removal algorithm, and the quality control. The GMF is a key component of the vector wind retrieval algorithm. It relates radar backscatter cross section s 0 to wind speed w and the relative wind direction u, which is defined as the wind direction minus the observing azimuth angle. The GMF is also a function of the following sensor parameters: frequency, polarization, and beam incidence angle.
The original Ku-band GMF for QuikSCAT was developed based on NSCAT data (Wentz and Smith 1999) . From the NSCAT model function, two GMFs for QuikSCAT were developed independently by the NASA Jet Propulsion Laboratory (JPL) and the Remote Sensing Systems (RSS) groups. The QSCAT-1 GMF developed by Freilich and Vanhoff (1999) Some adjustments to the GMFs at high winds can be made using airborne scanning scatterometers flying in storms (Fernandez et al. 2006) . Second, observations at high winds are often contaminated by the presence of rain, and it is difficult to separate the wind and rain signals in the retrievals. Rain affects the backscatter measured by the scatterometer as shown by many (Draper and Long 2004a; Hilburn et al. 2006; Stiles and Yueh 2002; Tournadre and Quilfen 2003; Weissman and Bourassa 2008) . These rain effects are difficult to model and cannot be easily removed from the measurements, although there have been some efforts at extracting wind and rain simultaneously (Draper and Long 2004b) . Ultimately, the major difficulty in calibrating a GMF lies in the choice of ground truth for high winds. In the decade since the QuikSCAT original GMFs were developed, studies have shown that retrievals at high winds by the Ku-2001 GMF were too high (Renfrew et al. 2009 ). In the new GMF, particular attention has been devoted to improving retrievals at high wind speeds and to separating the wind signal from the rain signal. Our choice for the GMF calibration is wind retrievals from the WindSat polarometric radiometer, available since 2003. An all-weather algorithm for WindSat was developed that was capable of global wind vector retrievals even in storm conditions (Meissner and Wentz 2009 ). The new algorithm uses a combination of frequency channels, including a very low-frequency C-band channel. It blends a physically based rain-free algorithm for the ocean surface emissivity (Meissner and Wentz 2012) with a statistical algorithm for hurricane-scale winds based on the NOAA Hurricane Research Division (HRD) Real-Time Hurricane Wind Analysis System (H*Wind; DiNapoli et al. 2012; Powell et al. 1998) . We have confidence using WindSat for reliable high wind truth, as the physically based emissivity model used in WindSat processing is linear for wind speeds up to 40 m s 21 (Meissner and Wentz 2012) .
The calibration target of the new QuikSCAT model function Ku-2011 is represented by these WindSat wind speeds developed at RSS. This paper begins with a description of the methodology used for developing Ku-2011 (section 2), presents an in-depth validation of the new Ku-2011 winds (section 3), discusses the impact of rain on the QuikSCAT wind vector retrievals (section 4), and illustrates the performance of the new Ku-2011 winds in sample tropical storms (section 5). A summary and a discussion of ongoing efforts toward a climate data record are presented in section 6.
The QuikSCAT Ku-2011 GMF

a. QuikSCAT instrument
The QuikSCAT mission objective has been to measure wind speed and direction over the global ocean in most weather conditions. QuikScat was in operation from July 1999 until November 2009. Its conical scanning pencil-beam antenna operated at 13.4 GHz (Ku band) with dual polarizations, each at a fixed Earth incidence angle of about 468 and 548 for horizontal polarization (H-pol) and vertical polarization (V-pol), respectively. Because of the scanning antenna, QuikSCAT had an unprecedented wide swath of about 1800 (1400) km at V-pol (H-pol), which covered about 90% of the earth in one day. Measurements along the swath are organized into 76 wind vector cells (WVC) at 25-km resolution, each including multiple backscatter observations made at both forward and aft looks.
Retrievals of ocean surface wind speed and direction are achieved with a semiempirical method by inverting a GMF for multiple scatterometer views within a WVC (Freilich and Dunbar 1993; Wentz and Smith 1999) . More details about the QuikSCAT instrument, wind retrieval algorithm, and mission details are described in Freilich (1996) , Hoffman and Leidner (2005) , and Lungu and Callahan (2006) .
b. Derivation of the Ku-2011 GMF
Since the original QuikSCAT Ku-2001 GMF was developed, more and higher-quality validation data at high wind speeds have become available. So, after the end of the operational use of QuikSCAT in 2009, when the instrument stopped rotating, we decided to develop a new GMF based on the 10 years of QuikSCAT backscatter measurements. The development of the new GMF Ku-2011 allowed us to correct some systematic biases at high winds and other minor issues, and to obtain wind retrievals consistent with those from radiometers [RSS version 7 (V7) data] in preparation for a wind climate data record.
The GMF is a transfer function that relates the radar backscatter cross section s 0 to ocean surface wind speed and direction relative to the azimuthal look, and it depends on the radar beam incidence angle and radar signal polarization. QuikSCAT has an almost fixed incidence angle (with variations within 0.18) for each polarization. Therefore, for each polarization, the s 0 can be considered as dependent only on wind speed w and direction, and it can be easily expressed as a summation of harmonic functions of the wind direction u R relative to the looking angle (azimuth):
The effect of neglecting the small incidence angle variability is on the order of 0.02-0.05 dB (for V-pol and H-pol), and would affect mostly very low winds (section 3b).
The coefficients A i (w) pol are empirically determined by matching a large number of s 0 observations at all possible wind ranges to ''true'' observed surface winds. We developed the GMF Ku-2011 by collocating 7 years of QuikSCAT observed backscatter cross-section s 0 with WindSat wind speeds, using a time window of 90 min (resulting in hundreds of millions collocations at all latitudes). Rain-contaminated data were excluded at this stage, as rain impacts the s 0 and would bias the GMF if used. We used WindSat rain (Meissner and Wentz 2009; Meissner and Wentz 2006 ) to discard the s 0 observations in the proximity of rain. To determine the harmonic coefficients A i (w), we binned all the QuikSCAT-WindSat collocations in a two-dimensional histogram with 0.2 m s 21 bins in wind speed and 28 in relative wind direction. For each wind speed bin, we calculated the harmonic coefficients A i (w) for a decomposition truncated at N 5 5. The choice of ground truth for wind speed and the use of a large number of available collocations are very important factors in determining the coefficients. Figure 2 shows the binned s 0 contour lines for two cases, when using buoy wind speeds and when using WindSat winds. These lines display which wind speeds and directions are associated with a particular value of observed s 0. At wind speeds below 15 m s 21 , using either buoys or WindSat for training the GMF does not have significant impact. Large differences between the two cases exist for winds above 15 m s
21
, for which there is a very limited number of buoy observations. As a result, the binned s 0 lines using buoy data are very noisy, and if they were used in deriving a GMF would result in noisy and underestimated A i coefficients. At lower winds the buoys and WindSat binned s 0 overlap; therefore, we are confident we can use WindSat winds as a calibration truth at all wind speeds, rather than only for high winds. An alternative could have been to use buoys as ground truth for winds lower than 15 m s 21 and WindSat for higher winds. However, merging GMF A i coefficients derived from different datasets has the disadvantage of resulting in a small spurious bump in the probability distribution function (PDF) for wind speed at the transition between the two wind regimes. The other advantage of not using buoys for the derivation of the GMF is that they can be used as an independent validation datasets for the scatterometer wind retrievals. WindSat wind directions are not sufficiently accurate at low winds for use as calibration truth (see Fig. 10 ). Instead, we used wind directions from the cross-calibrated FIG. 2. Contour levels of the QuikSCAT observed backscatter histograms binned using collocated wind speeds from either WindSat (black) or buoys (red). This figure uses 7 years of V-pol QuikSCAT measurements . CCMP is used for binning wind direction. The relative wind direction is limited to 08-1808 because of symmetry around zero. multiplatform (CCMP) dataset (Atlas et al. 2008 (Atlas et al. , 2011 . The CCMP is a global 6-hourly satellite-derived wind dataset produced using a four-dimensional variational data assimilation (4DVAR) method of radiometer wind speeds, scatterometer wind ambiguities, conventional surface wind data, and winds from European Centre for Medium-Range Weather Forecasts (ECMWF) analyses and reanalyses as prior information. This product has a 0.258 resolution, and the CCMP wind directions are derived numerically using the ECMWF fields and rain-free QuikSCAT as input to the 4DVAR assimilation model. We also examined whether NCEP wind directions could be used instead of CCMP for training our GMF and got very similar results. Uncertainty in wind direction ground truth can impact the harmonic expansion coefficients A i (w) at low wind speeds. Therefore, we applied a correction to these coefficients to account for a spurious bias on the coefficients due to uncertainty in the wind direction from CCMP. The correction was estimated using a histogram method similar to the one described in Wentz and Smith (1999) but was determined using 9 years of s 0 differences collocated with CCMP wind directions, uniformly distributed at all wind directions. The correction is most relevant at low winds and is negligible at high winds.
The coefficients A i (w) for the final GMF Ku-2011 were calculated in two steps. First, we performed a simple harmonic decomposition of the observed s 0 binned using WindSat wind speed and CCMP wind direction, for every wind speed bin. The correction to compensate for the CCMP wind direction uncertainty is applied to these A i (w) coefficients. After this first step, some fine-tuning was necessary to adjust the coefficients at very high winds (above 25 m s
), where the number of s 0 collocations is low, and at very low winds (below 5 m s 21 ), where the correction based on the histogram method is not accurate. This was done because the noise in the retrievals (both of s 0 and of the calibration wind speed and direction) at these wind regimes has the effect of artificially altering the coefficients of the harmonic analysis of the binned s 0 . The fine-tuning mostly involved the directional coefficients A 1 (w) and A 2 (w), and it was based on validation studies involving several years of the new QuikSCAT wind retrievals compared to buoys, and other satellite retrievals (more information on this process in section 3).
Our fine-tuning phase focused on making sure that for regimes with a low number of collocations the following conditions are met: 1) the high wind speeds from the new QuikSCAT winds match tightly collocated WindSat winds up to about 35 m s 21 ); 2) the histograms of QuikSCAT wind direction match NCEP, at all winds. This is a particularly challenging problem at low winds, because the nondirectional coefficients in the GMF are very small and are very sensitive to small errors due to noise; 3) there is no cross-track bias in QuikSCAT retrievals compared to other validation data, and the wind speed PDFs for different regions of the swath overlap, meaning that they do not depend on the WVC position along the swath; 4) the A i coefficients smoothly go to zero when the wind speed approaches zero; and 5) the A i (w) coefficients are smooth at winds above 25 m s
. To reduce the noise due to the harmonic decomposition obtained from a low number of collocations at high winds, we extrapolate an optimal linear behavior for wind speeds above 25-30 m s
, which better match the estimates of the harmonic decomposition. We achieve this by assuming that the A 0 coefficient slope is constant, and that the directional coefficients saturate at high winds, as suggested by the actual observations.
The final Ku-2011 GMF coefficients for V-pol and H-pol are displayed in Fig. 3 . These figures show that about 90% of the backscatter signal is due to the nondirectional coefficient A 0 . The directional coefficients A 1 and A 2 are about one order of magnitude smaller, and the remaining A 3 -A 5 coefficients contribute only minimally. One aspect of the determination of the OCTOBER 2015
coefficients is how sensitive they are to the choice of our ground truth at high winds. In Fig. 4 we show the A 0 and A 1 V-pol coefficients determined using different datasets for calibration, without applying the fine-tuning described above: NCEP, buoy, SSM/I, CCMP, and WindSat. There are noticeable differences for wind speeds above 20 m s
, where NCEP underestimates the wind speeds and results in significantly overestimated A 0 coefficients. For buoys, the very limited number of collocations above 13 m s 21 results in noisy and underestimated directional coefficients (A 1 in Fig. 4 , magenta line). Figure 4 highlights the sensitivity of the GMF coefficients to the calibration wind speed used for the derivation. Errors in specifying the wind speed can be systematic and can result in constant high/low biases at different wind regimes for different calibration datasets. On the other hand, errors in the wind directions tend to be more random in nature and have less effect on the GMF calibration. In April 2011, we reprocessed the complete QuikSCAT dataset (1999-2009) using the new GMF Ku-2011 (Ricciardulli and Wentz 2011) . The reprocessed wind vector retrievals (version 4) were released to the public on the Remote Sensing Systems website (www.remss. com), where users can find swath data (L2B) and gridded 0.258 daily maps (L3), for ascending and descending passes. Also available on the website are composite maps for 3-day, weekly, and monthly averages, a description of all data products, and support code to read the data. The Ku-2011 GMF was delivered to JPL and is used to make their recently reprocessed QuikSCAT V3 12.5-km winds (Fore et al. 2013 ; available online at http://podaac.jpl.nasa.gov/ dataset/QSCAT_LEVEL_2B_OWV_COMP_12). d Model and data assimilation winds: the NCEP Global Data Assimilation System (GDAS) 6-hourly wind fields, at 18 resolution, and the CCMP 6-hourly wind fields, at 0.258 resolution (Atlas et al. 2008 (Atlas et al. , 2011 .
d Aircraft observations from the Greenland Flow Distortion Experiment (GFDex) off the tip of Greenland (Renfrew et al. 2009 ). listed above, within a 30-90-min time window. We remove rain-contaminated winds by using both the QuikSCAT rain flag and the collocated radiometer rain flag. Both rain flags are available within the RSS QuikSCAT 2LB (swath) and L3 (daily averaged) files.
b. Validation of wind speed
We compare the wind speed PDF of 5 years of rainfree QuikSCAT winds with the PDF built from buoys measurements collocated within 60 min and within a radius of 50 km from the QuikSCAT retrieval. Figure 5 illustrates that the two PDFs are in very good agreement at all wind speeds. Most of the changes in the new QuikSCAT winds are at high wind speeds and are therefore visible in comparisons to other validation winds. Figure 6 shows the joint PDFs versus buoys, NCEP GDAS, WindSat, CCMP, and SSM/I V7 winds. These PDFs contain 5 years of wind retrievals where WindSat and SSM/I are collocated within 90 min, buoys within 60 min, and the NCEP and CCMP 6-hourly data are interpolated linearly in space and time to match the QuikSCAT measurements. wind regime, which is within the mission requirements at high winds (Lungu and Callahan 2006 Fig. 6 shows that the QuikSCAT winds align very well with those from the SSM/I radiometers. Figure 7 shows the differences between wind speeds obtained using the new QuikSCAT GMF, Ku-2011, and the previous version, Ku-2001. Other than the GMF, no other changes were made in the wind retrieval algorithm. The bias between the two QuikSCAT versions is illustrated as a function of CCMP and is apparent for winds greater than 15 m s 21 , where Ku-2001 data have been shown to be about 15%-20% too high (Fig. 12) . For a good-quality GMF, the wind speed validation statistics have to be independent of the swath location. Figure 8 shows the QuikSCAT-buoy wind speed difference as a function of the WVC position, numbered 1-76, from the left to the right side of the QuikSCAT swath. There is only a very small difference at the edges of the scan, where only retrievals from the V-pol channel exist. The H-pol swath is narrower. For studies requiring very high accuracy, users of the QuikSCAT swath (L2B) files should discard these swath edge winds.
Another important verification of the QuikSCAT winds is to look for regional biases, at any wind regime. Figure 9 shows the global bias map of rain-free QuikSCAT winds compared to NCEP (left) and WindSat (right). There are a few regions where small biases exist for NCEP, mostly in areas of strong spatial wind variability. These biases are caused by the diminished ability of the NCEP model to display small-scale motions, due to the model resolution (100 km) and the smoothing applied to the model wind field. When QuikSCAT is compared to WindSat, these bias regions are not present. However, there are significant biases in the meridional wind component. This could possibly be due to the lower skill of WindSat in retrieving wind direction with the current algorithm used for WindSat processing, which is based on one look only. A new algorithm using two looks (fore and aft) for much improved WindSat wind direction skill is under development (Wentz et al. 2014 ). While 
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WindSat does not represent an independent validation of the QuikSCAT retrievals, as it was used to calibrate the Ku-2011 GMF, it is important to keep in mind that the calibration was done at a global scale. It is still a valuable exercise to compare QuikSCAT and WindSat biases at regional scales. NCEP winds are biased low compared to QuikSCAT winds in the southern extratropical oceans. Analysis of the bias stratified for different wind regimes (not shown) attributes this regional bias to the NCEP model underestimating the high winds. The effect of neglecting the incidence angle variations (maximum 0.18) in the GMF were studied by using the NSCAT GMF: they translated into an error of about 0.02-0.05 dB. While this is generally negligible, it might have some small impact for observations at very low winds (below 3 m s 21 ), or some very small spurious trends if the QuikSCAT average incidence angle drifted in time. Future reprocessing of the QuikSCAT for the final climate data record will include the incidence angle dependency in the GMF, as recently done for the RapidScat GMF.
c. Validation of wind direction
To validate QuikSCAT wind direction, we use NCEP GDAS 6-hourly data, interpolated to the time and location of the rain-free QuikSCAT observations. Figure 10 shows the root-mean-square (RMS) difference of the QuikSCAT minus NCEP wind directions for the selected ambiguity, as a function of wind speed. For winds greater than 8 m s 21 and up to 30 m s
21
, the uncertainty in the Ku-2011 wind direction is about 108, much lower than the mission requirement of 208 in the 3-30 m s 21 range; (Lungu and Callahan 2006) . There has been a significant improvement in the RMS for winds higher than 15 m s 21 over the previous Ku-2001 QuikSCAT winds. This is the result of more accurate directional coefficients A 1 and A 2 in Ku-2011. The wind direction RMS increases at low winds, with values as high as 308 at 2 m s
. This is due to the greatly decreased sensitivity of the backscatter signal to the wind direction at low winds. Figure 10 also illustrates the wind direction RMS for WindSat winds as compared to NCEP. Because of the nature of the polarimetric wind direction signal in the surface emission Wentz 2002, 2012) , WindSat has a lower sensitivity to wind direction compared to QuikSCAT, especially at winds below 6 m s
. A more in-depth validation of the wind direction is achieved by analyzing the wind direction distribution relative to the satellite flight direction, a visualization method introduced by Ebuchi (1999 Ebuchi ( , 2000 . In this type of analysis, the frequency distribution of the observed wind direction is separated by ascending and descending passes and is shown as relative to the satellite flight direction in polar coordinates. When collecting data at a global scale, an anisotropic distribution should be expected due to the prevailing zonal direction of the winds (easterlies and westerlies), which are almost perpendicular to the direction of the satellite track. However, any other preferred wind retrieval direction that shows up in the plots is likely spurious and should be regarded as the result of either imperfections in the GMF, contamination due to rain signal, which tends to shift the wind directions cross track (Hilburn et al. 2006) , or imperfections in the retrieval algorithm. In Fig. 11 the Ebuchi plots of rain-free QuikSCAT wind directions (for both Ku-2001 and Ku-2011) In addition to validation studies, the Ebuchi diagrams can be used to fine-tune the GMF during the development phase. As mentioned in section 2, estimating the coefficients A i (w) directly from the harmonic decomposition of the binned s 0 can lead to large errors at very low winds. This happens for more than one reason. The uncertainty in the calibration wind directions at low winds tends to smooth out the s 0 curves as a function of relative wind direction and results in underestimated harmonic coefficients. The correction to the coefficients based on the histogram method has a low signal-to-noise ratio at winds below 5 m s 21 and is less reliable. Moreover, the number of s 0 collocations with WindSat winds decreases dramatically at both low and high winds. This results in noisy s 0 curves. For these reasons, we 
d. Aircraft validation of high wind speeds
Our goal for the GMF Ku-2011 was to improve retrievals at high wind speeds. It is important to use an independent dataset with sufficient high winds to validate both the GMF and the WindSat winds used for calibration. We use aircraft wind measurements made during GFDex off the tip of Greenland (Renfrew et al. 2009 ). Because of the extratropical location of these measurements, they are mostly free of rain and well represent the high winds in this region. One hundred and fifty measurements were made by an aircraft-mounted turbulent probe during five aircraft missions. These measurements were converted to an equivalent neutral wind at a height of 10 m. The maximum wind speed observed during flights for which collocated QuikSCAT winds are available is 25 m s
21
. Figure 12 shows that the Ku-2011 QuikSCAT winds match very well with the aircraft winds, both for wind speed and wind direction. Figure 12 also shows Ku-2001 QuikSCAT and WindSat wind comparisons. In addition to a significant reduction of the wind speed bias, Fig. 12 illustrates a clear improvement of QuikSCAT Ku-2011 wind direction at high winds (RMS 5 98) over the Ku-2001 (RMS 5 158) , represented by the direction RMS difference with aircraft measurements. This is due to the improved nondirectional coefficients at high winds in the new Ku-2011 GMF. WindSat retrievals at high winds show a remarkable similarity with the slope in wind speed of the aircraft measurements, with just a little bias in wind speed and good wind direction retrieval skill (RMS 5 128). In the future, we plan more high wind speed validation when additional reliable measurements become available (i.e., with high-resolution rain-free aircraft measurements in tropical and extratropical storms, or dropsondes). An alternative indirect way to validate the QuikSCAT Ku-2011 and WindSat high wind speeds is to compare the statistics of the hurricane-force extratropical cyclones from QuikSCAT versus data from the extensive database developed at the NOAA Ocean Prediction Center from aircraft using a Stepped Frequency Microwave Radiometer (SFMR) flying into cyclones (Uhlhorn et al. 2007 ). So far, preliminary studies (Jelenak et al. 2013 ) showed a very good performance of Ku-2011 in extratropical cyclones. More efforts are currently under way.
Rain impact on QuikSCAT retrievals
The main mechanisms affecting backscatter observations in rain are 1) atmospheric attenuation of the direct and backscattered microwave signal (resulting in a negative wind speed bias), 2) backscattering of the direct signal from the raindrops (positive bias), and 3) a ''splash'' effect of the raindrops that alters the ocean surface roughness (either positive or negative bias). These rain effects are difficult to model and cannot be easily removed from the scatterometer measurements. Therefore, in the development of the GMF, we chose to discard potentially rain-contaminated backscatter measurements, using collocated rain estimates made by the SSM/I and WindSat radiometers. As a result, the Ku-2011 GMF was specifically designed for rain-free conditions. For this reason, wind vector observations in rain conditions might be biased. The typical effect of rain is a positive bias at low winds (where rain backscatter effect dominates) and a negative bias at high winds (due to rain attenuation).
To estimate the impact of rain on the QuikSCAT retrievals, we collected 5 years of QuikSCAT winds and collocated radiometer rain rates, and stratified the winds as a function of the observed rain rate. Figure 13 shows the QuikSCAT wind speed bias versus WindSat, as a function of rain rate. By design, rain-free QuikSCAT retrievals (dashed line) are consistent with WindSat. For QuikSCAT wind retrievals in rain, the bias is clearly proportional to the rain intensity and is very pronounced at low wind speeds. At low winds in heavy rain, the wind bias might be as high as 10 m s
21
. Wind speeds between 15 and 25 m s 21 are less affected by rain, as the negative (attenuation) and positive (rain backscatter) effects balance out. It is interesting to look at the rain impact on the QuikSCAT Ku-2001 wind retrievals, also in Fig. 13 . There is a mixed impact of rain at high winds, which is the result of two effects: 1) an incorrect GMF produces spurious positive biases, leading to overestimated high winds; and 2) for high rain rates, the attenuation effect of raindrops results in a negative bias at high winds. The two effects cancel each other for rain rates of about 6 mm h
. For higher rain rates, the negative rain impact dominates.
Wind direction is also contaminated by the rain signal. Rain-contaminated wind directions have a tendency of being oriented in a direction perpendicular to the satellite track (Stiles and Yueh 2002; Tournadre and Quilfen 2003) . In raining conditions, the ambiguity removal skill of the wind retrieval algorithm is severely affected. Some of these rain effects can be seen in the storms in Figs. 14, 15, presented in the next section.
Wind vector measurements are provided in the L2B (swath) files even during rain, as it might be beneficial not to have a data gap for some applications and instead have continuous observations of possibly lower quality. For applications that require high accuracy, we recommend not using winds in rain. To omit rain-affected data, we use the rain flags provided in the files. Obviously, this will result in a loss of data.
Wind retrievals in storms
Tropical cyclones are usually characterized by areas of very strong winds (greater than 18 m s
21
) and intense rain. Because of the coexistence of wind and rain, QuikSCAT retrievals in tropical storms and hurricanes might be biased. comparison. HRD winds are provided as 1-min sustained surface winds at a fine resolution of 5 km. We resampled them to the WindSat footprint sampling size (50 km) and scaled them to 10-min sustained winds (Meissner and Wentz 2009 ). As they are produced by a numerical analysis, HRD wind vectors are very smooth and their spatial structure is quite uniform and symmetric. The second and third panels from the left show the wind fields from the WindSat V7 all-weather algorithm and the QuikSCAT Ku-2011 winds, while the last panel shows the WindSat V7 rain rates. We see that the WindSat all-weather algorithm captures well the structure and intensity of the storm, although the wind direction is somewhat noisy. This is due to the small radiometer wind direction signal, which becomes strongly attenuated in rainy conditions. QuikSCAT wind vectors (third panel) are less noisy, as expected. The QuikSCAT maximum wind speeds for this storm (as well as for other analyzed storms, not shown) are consistent with HRD and WindSat winds. However, the structure of the storm is obviously affected by rain, especially in the northwest quadrant, where wind speeds are significantly underestimated. This rain impact on the QuikSCAT storm wind speeds is consistent with the results of our analysis described in section 4. QuikSCAT wind direction retrievals show good skill even in heavy rain. The scatterometer detects the eye of the storm but does not obtain the expected low wind speeds because of the positive rain bias at low wind speeds (see Fig. 13 ). The slight dislocation of the satellite view of the hurricane eye as compared to the HRD wind field is likely due to the minor temporal mismatch between them. Figure 15 illustrates another example, for Hurricane Katrina on 28 August 2005. The Ku-2011 GMF has lower overall wind speed and a more rotational flow, correcting the cross-track wind direction bias in Ku-2001 in the northwest quadrant of the storm. The QuikSCAT Ku-2011 retrievals are also more consistent than Ku-2001 with the wind field from the NCEP GDAS. Many other sample storms were examined and they displayed similar results to those discussed here.
Summary and conclusions
In this paper we have described the methodology for the development of a new series of scatterometer geophysical model functions that aims at making all the scatterometer winds consistent with each other and with the radiometer winds. Most of the difficulty of such an endeavor lies in the cross calibration of the wind speeds, as observed wind speeds are more susceptible to systematic errors. Wind direction errors are more random in nature, and it is unlikely they give raise to spurious biases in the wind time series composed using different sensors.
This represents a first milestone toward the development of a climate data record of ocean vector winds. The new GMF Ku-2011 was used to reprocess the QuikSCAT winds. We also presented a thorough validation of the new QuikSCAT wind speeds and wind directions. The QuikSCAT Ku-2011 winds are publicly available online (at www.remss.com), and the GMF is shared with institutions that request it. The QuikSCAT Ku-2011 GMF was developed using the WindSat V7 rain-free winds as a calibration standard, as they are considered accurate up to 35 m s
21
, or even higher. The Ku-2011 winds display a great improvement in wind speed and direction for high winds compared to the previous GMF Ku-2001. The QuikSCAT wind retrievals are significantly affected by rain at low wind speeds, as expected. We advise users to flag these rain-contaminated data by using the rain flags provided in the files. At high wind speeds in storms, the impact of rain is less severe. In many cases, users might benefit more from using high-speed rain-affected winds rather than discarding them as rain contaminated.
Our long-term goal is to create satellite products with high accuracy that meet a demanding intercalibration standard, a necessary requirement for climate data records.
We recently reprocessed all our microwave radiometer datasets after a thorough intercalibration process. The RSS microwave radiometer data, version 7 (Wentz 2013) ) despite the differences in processing algorithm and higherresolution product. A slightly higher average bias is found at high winds (about 0.2 m s 21 ).
The more than 20 years of scatterometer wind vectors provide great insight into the climate variability of surface wind patterns at a global scale. Integrating the scatterometers and radiometer ocean vector winds to create an intercalibrated climate data record with the accuracy required for climate research is a challenging goal. A necessary requirement when combining different datasets is to use a consistent methodology in the wind retrievals (National Research Council 2004) . By using WindSat as a calibration ground truth, the new QuikSCAT winds are now consistent with all the RSS V7 radiometer winds, and their accuracy is within the requirements for climate-quality data. To diagnose any drift or calibration error, we compared global monthly time series of QuikSCAT rain-free wind speeds with rain-free WindSat winds, SSM/I F13 V7 winds, NCEP GDAS, and the CCMP winds (Fig. 16 ). There is an apparent small bias in 2008 between SSM/I F13 and QuikSCAT that might be due to the loss of the 85-GHz channel in F13 in 2008. A smaller bias in 2008 is present in QuikSCAT comparisons with NCEP and CCMP. The NCEP reanalyses and CCMP both assimilate QuikSCAT winds and SSM/I winds or radiances; therefore, the comparison does not resolve the source of the bias. As QuikSCAT compares well with WindSat for the same time period, we suspect the bias is due to SSM/I. Note that the SSM/I F13 has a local time ascending node (LTAN) at about 1800 LT, which has been fairly constant during the duration of the mission. QuikSCAT LTAN is 0600 LT, with QuikSCAT ascending passes crossing with F13 descending passes at the equator. WindSat LTAN is about the same as SSM/I F13. Therefore, the differences between QuikSCAT and SSM/I in 2008 cannot be attributed to drifting orbits or the effects of diurnal variability.
The most important conclusion of the comparison in Fig. 16 is the overall consistency of the satellite global monthly time series, within 0.1 m s 21 . This is the level of accuracy required for climate studies.
In addition to QuikSCAT, we are developing a series of wind vector datasets from other scatterometer missions (ASCAT-A and ASCAT-B, ERS, OSCAT, and the recent RapidScat) that will be processed in a manner consistent with QuikSCAT. We started with the European scatterometer ASCAT (Figa-Saldaña et al. 2002; Verspeek et al. 2010) on Metop-A and developed a new C-band GMF based on a methodology similar to the one described here for Ku-2011 (Ricciardulli and Wentz 2012, 2013). RSS ASCAT winds are publicly available online (www.remss.com). ERS-1 winds (starting in 1991) will be processed using a modified version of our C-band GMF developed for ASCAT but will extended to lower incidence angles. Preliminary Aquarius L-band scatterometer winds consistent with the V7 radiometer winds have been produced (Meissner et al. 2014) , and a similar methodology will be applied to produce L-band winds from the SMAP scatterometer.
When all these scatterometer data are processed in a consistent manner, we will have a 25-yr climate data record (CDR) of ocean vector winds. This CDR will be valuable for studying the decadal-scale variability of the ocean winds, and the related impact of the variability on air-sea interaction, ocean circulation, climate, and on the global water cycle. Even before all these data will be merged in a unique dataset, providing the users with cross-calibrated and consistently processed wind vector datasets for each sensor prevents or minimizes spurious biases when used for applications like building global datasets of analyzed winds (i.e., CCMP) or of surface fluxes (OAFlux, Yu and Weller 2007; SeaFlux, Roberts et al. 2010) , for model comparisons or for climate studies using different sensors at different times (Robertson et al. 2014) .
